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Recent trends show that consumers are shifting away from individually owned 
personal vehicles, and towards shared mobility solutions. Those who do own a 
vehicle are opting for those that are more fuel efficient and environmentally 
friendly. This thesis examines the design and vehicle development process of a 
shared semi-autonomous hybrid electric SUV to be deployed in a carsharing 
application, effectively addressing both established trends within the automotive 
industry and personalized transportation. The thesis directs the reader through 
each step of the vehicle design process starting with Target Market analysis, 
Component sizing, selection, and layout, and powertrain modeling and 
optimization, while highlighting how the primary design objective of fuel 
economy maximization guided the overall vehicle design. 
Ultimately, this thesis aims to serve as a reference and knowledge 
transfer document to be used by members of the University of Waterloo 
Alternative Fuels Team as it pertains directly to the design of Energy Storage 
System utilized in the development vehicle, and therefore should be read by 
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The transportation sector, more specifically, automotive industry, is one that 
can be characterized by its well-defined historical trends. These trends 
provide meaningful insight into the various socio-economic factors and 
implications surrounding historical events, with each established trend 
serving as an indicator which reflects the direct manifestation of 
consequences resulting from; new technology developments, government 
mandates, varying regulations, environmental concerns, or change in the 
global economic status. Furthermore, these indicators often align with the 
shifting landscape and changing values, wants, and needs of the target market. 
 Recent trends show that the current market of consumers is shifting 
away from away from individually owned personal vehicles, with those who 
do own a vehicle opting for those that are more fuel efficient and 
environmentally friendly.  These ideals have proven to be the catalyst leading 
to the advent and adoption of shared mobility solutions such as car-sharing, 
ridesharing, and other mobility on demand platforms, all of which can be 
encapsulated by the Mobility as a Service (MaaS) paradigm.  
Increased regulations on emissions standards have also led to the 
gradual decline in popularity of fossil fuel powered Internal Combustion 




Vehicles (ZEV) are becoming increasingly more popular as an alternative. A 
growing number of federal governments around have announced aggressive 
timelines for the elimination of non-ZEV vehicles leading to an 
unprecedented level of spending by global automakers to develop and 
procure EVs and battery technology.  A 2019 report analyzing 29 global 
automakers revealed that the industry will spend a minimum of $300 billion in 
the development of EVs over the next 10 years [1]. 
 
  
 Decreasing costs resulting from advancements in electrified powertrain 
technology have also led to the increased prevalence of EVs and Hybrid 
Electric Vehicles (HEVs) on the road. A 2018 report published by Bloomberg 
New Energy Finance states that electric cars will achieve price parity with 
gasoline vehicles by 2024 and become cheaper by 2025 [2]. Technology 
advancements have also empowered automakers to produce EVs and HEVs 
containing Energy Storage Systems (ESS) with substantially larger energy 
capacity then their previous generation counterparts all while maintaining the 
same, if not smaller physical package. This enhancement of energy density 
alleviates any range anxiety concerns that once plagued the EV segment. The 
proliferation of EV technology also extends beyond the vehicles itself. 
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Charging infrastructure technology has developed at a pace matching, if not 
exceeding the development of the vehicles themselves offering faster charge 
times and more charging locations around the world. Gone are the days of the 
owner of an EV worrying if their car hand enough State of Charge (SOC) to 
make it to the next charging station or if they would have to hitch a ride home. 
 
Furthermore, there has been a distinct dissipation of the stigma that was 
once associated with EVs and HEVs. Not long ago the consensus was that 
electrified vehicles were a simple fad which existed  simply for the sake of 
appeasing the “tree-hugging” environmentalists. With little to no 
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performance benefits over conventional combustion vehicles, and stylization 
that often-resembled “Small Clown Cars”, early EVs were shunned by 
automotive industry, journalists, and enthusiasts alike. In short, EV’s were 
forecasted to disappear as quickly as they arrived. This notion quite clearly 
couldn’t be further from the truth. Today’s electrified vehicles have 
penetrated every market segment of the automotive industry. From Pick-Up 
trucks, to delivery vans, to luxury sedans, to utility vehicles, an EV currently 
exists on the market to suit any purpose.  Electrification has also addressed 
the hyper-car realm. Porsche 918, Ferrari LaFerrari, Aston Martin Valkyrie, 
Koenigsegg Regera, Mercedes Project One, Rimac C2, and the NIO EP9, they 
all have two things in common; 1 – A price tag that would make those in the 
top 1% consider cheaper alternatives, and  2 – an electrified powertrain, 
proving that hybrids can deliver high performance.   
Simply put, we are witnessing another transformative evolution within 
the automotive industry, the global shift to electric vehicles is now well and 
truly underway. 
1.1 Thesis Objective 
The objective of this thesis is to provide the reader with the theoretical 
knowledge and practical understanding on the process of developing a 
Hybrid Electric Vehicle Architecture that is optimized for Fuel Economy when 
deployed in shared mobility applications. Component selection, sizing, and 
layout for multiple viable designs and potential benefits and drawbacks for 
each are all examined within the context of this thesis. Ultimately, this thesis 
aims to serve as a reference and knowledge transfer document to be used by 
members of the University of Waterloo Alternative Fuels Team as it pertains 
directly to the design of Energy Storage System utilized in the hybrid electric 
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Shared Semi-Autonomous Vehicle currently under development for the 
EcoCAR Mobility Challenge. 
1.2 Thesis Outline 
This thesis includes eight chapters inclusive of this introduction. These 
Chapters are grouped into sections that align with actual design and 
development timeline for the project. The development of the vehicle 
platform is discussed in Part I of the thesis. Components of this section are as 
follows: 
CHAPTER 4 Application – provides the reader with a general overview 
of the University of Waterloo Alternative Fuels Team in 
addition the Advanced Vehicle Technology Competition 
(AVTC) series, specifically the EcoCAR Mobility Challenge 
(EMC) for which the Vehicle Platform is being developed. 
CHAPTER 5 Powertrain Design and Optimization – details the specific 
process of arriving at the final HEV architecture selection 
for the development vehicle with additional emphasis 
placed on the ESS.  
Part II provides a well-defined characterization of the fully developed vehicle. 
CHAPTER 6  Battery Pack Development – provides a comprehensive 
review of the current design of the Battery ESS as of the 
time of writing. This includes a discussion on power and 




CHAPTER 7  Vehicle Modeling and Simulation Results – depicts the 
Modeling environment and setup used to simulate real 
world performance to the vehicle.  
Part III concludes this thesis with relevant discussions on the findings 
presented in Part II. Recommendations and initial plans for future work are 







Background and Relevant Information 
 
 
The terms Electrified Powertrain or Electrified Vehicle are typically used as 
an umbrella term which refers to several powertrain layouts that utilize 
electrical energy to produce and augment propulsive torque. Electrification 
within vehicles can take place in many different forms, the following 
sections will provide a high-level overview of the most common 
manifestation of electrified vehicles.  
 
Mild Hybrids, also known as Battery Assisted Hybrids, typically utilize an 
electric motor/generator in addition to a small battery pack to produce 
electrical energy which can be used to assist or boots the ICE output. In a 
mild hybrid the ICE is the primary power source. When coasting or cruising 
the vehicles engine can be used to spin the motor generator to create 
electrical energy. These types of vehicles typically do not have a dedicated 
driving mode that allows for propulsion via electrical power only, however 
Chapter 
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the addition of electrification does lead a substantial reduction in fuel 
consumption in comparison to conventional internal combustion vehicles 
[4]. For example, Mild Hybrids can turn the engine off as the vehicle coasts 
down to a stop and can quickly turn the engine back on again when the 
driver attempts to accelerate. This Start/Stop functionality has been shown 
to result in up to a 7.8% improvement in fuel economy in urban 
environments [5]. 
 
A Strong Hybrid also commonly referred to as Full Hybrid or simply Hybrid 
Electric Vehicle (HEV) uses a combination of an ICE and a battery powered 
electric motor to drive the vehicle. A dynamic control strategy is used to 
determine the optimum balance between the two propulsion sources at any 
given time depending on the driving scenario. HEVs will typically have a 
more complex vehicle architecture and physical packaging requirements 
than mild hybrids and conventional vehicles due to the multiple unique 
torque flows. This often results in a user-selectable drive mode such as 
Engine Only Mode, EV mode, and several hybrid dive modes. As with the 
Mild Hybrid, Strong Hybrid vehicles offer significant improvements in fuel 
consumption, but also offer overall performance that is on par, if not 
superior to a comparable conventional vehicle. 
 
Plugin-Hybrid Electric Vehicles (PHEVs) are similar in nature to HEVs, 
maintaining all the same benefits in comparison to a traditional vehicle. The 
main distinction between a PHEV and HEV can be found in the PHEV larger 
capacity battery pack. The larger battery pack found in the PHEV 
traditionally allows for a much large EV only range when compared to HEV’s. 
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Furthermore, a PHEV battery pack directly from grid electricity via a plug-in 
charger.  
 
The Battery Electric Vehicle (BEV) does not have an engine or any of the related 
internal combustion components.  Instead, BEVs solely rely on the battery 
powered electric motors to provide propulsive torque to the wheels. BEV’s 
have become known for their characteristic strong acceleration performance 
due to the instantaneous torque provided by the electric motors. Like the 
PHEV, the BEV’s can also be recharged via a plug-in charger.  
 
From a vehicle architecture standpoint, HEV’s can be classified as one of three 
categories; Series, Parallel, or Series-Parallel Split. These categories refer to the 
vehicles overall power flow and torque path layout. Each of these categories is 
defined in the following sections. 
 
In a Series HEV the engine’s sole purpose is to convert potential energy in the 
form of fuel to mechanical power. The engine is not capable of providing 
propulsive torque to drive the wheels. The mechanical power generated by 
the engine is then converted to electrical energy via a motor/generator. This 
same electrical power is used to propel the motor via a motor. Thus, the 
internal combustion and traction electric vehicle systems in a Series HEV are 
isolated from one another. This isolation allows for engine speed to be 
controlled independently from vehicle speed, meaning the vehicle’s control 
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algorithm could be tuned such that the engine runs at the optimal speed to 
minimize losses incurred in the electricity generation process [6] [7]. 
The electric motor used to drive the vehicle can receive power via the 
engine-generator pair or electrical power directly from the vehicles battery 
pack as shown in Figure 3 [6]. 
 
 
In a Parallel HEV drivetrain, the engine provides propulsive torque to the 
driven wheels similar to a conventional vehicle. An electric motor is 
mechanically coupled to the driveline allowing it to boost the engine’s power 
output. The mechanical coupler is used to add the produced torques from the 
engine and motor and deliver the resulting torque to the driven wheels. Thus, 
the engine and motor torque can be controlled individually, however the 
speeds of the engine, motor have a fixed relation to overall vehicle speed. 
Figure 4 depicts a bloc diagram representation of the mechanical coupling. In 
a Parallel HEV, the ICE is connected to 1, the motor to port 2, and the driven 






Table 2-1 provides a summary of the drive modes available in the series and 
























The Series-Parallel layout, shown in , represents the most complex 
configuration as it allows for both Series and Parallel driveline functionality, 
optimizing the vehicle for various driving scenarios [7]. This is facilitated via a 
disconnecting mechanical coupling that can connect or disconnect the output 




As mentioned in previous sections, electric motors can be placed in several 
locations within the vehicle architecture to facilitate a certain purpose or meet 
packaging constraints.  Within hybrid electric vehicle architectures, electric 
motors can be reference based on their position in the vehicle as shown in 
. A P0 motor is connected to the engine’s accessory belt, a P1 motor to 
the engine crankshaft, P2 motors are located pre-transmission, whereas P3 
motors are located post-transmission. P4 motors are located directly on axle 





Besides powertrain electrification, road vehicle automation is arguably the 
most revolutionary trend within the automotive industry [10]. Autonomous 
vehicles (AVs) are poised to dramatically alter transportation as we currently 
know it. In 2016 the National Highway Transportation Traffic Safety 
Administration (NHTSA) reported 37,461 fatalities as a resulting from vehicle 
crashes in the United States [11]. This represented a 5.6% increase over the 
previous year and a 14.4% increase over 2014 vehicle collision related fatalities.  
This is a problem the global automakers plan to address via the introduction 
of autonomous driving technology. 
From increased safety to congestion relief, experts are continually 
discovering new applications in both the public and private sector that will 
benefit from the addition of innovative autonomous driving technology. Such 
technologies include but are not limited to: Automated Emergency Braking 
(AEB), Adaptive Cruise Control (ACC), Automated Lane Change (ALC), Lane 
Keep Assist (LKA), Blind Spot Monitoring, Automated Parking, Front/Rear 
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Collision Warning, Driver Drowsiness Detection, and Occupant Detection. 
The Society of Automotive Engineers has defined a standard for six 
independent levels of automation as displayed in Table 2-1 
 
2.5 Advanced Vehicle Technology Competition Series 
Since 1988, the U.S. Department of Energy has sponsored Advanced Vehicle 
Technology Competitions in partnership with the North American 
automotive industry. Managed by Argonne National Laboratory, AVTCs 
provide a platform to develop the next generation of engineers and business 
leaders who will address future energy and transportation challenges. [12] [13] 
With opportunities for undergraduate and graduate students from 
various disciplines including engineering, business, project management and 
communications, AVTCs challenge students beyond the traditional classroom 
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environment. Participants re-engineer a donated production vehicle to 
improve energy efficiency and to meet the toughest emissions standards. 
Teams also aim to maintain features will that make the vehicle attractive to the 
customer; performance, consumer acceptability, safety, and cost. Students 
apply their theoretical knowledge to not only solve complex engineering 
problems, but also learn valuable leadership, project management skills, 
public relations, marketing and business development skills. More than 
20,000 students from 93 educational institutions in North America have 
participated, gaining real-world, hands-on experience tackling the challenges 
associated with building fuel-efficient vehicles while integrating advance 
vehicle technologies [13]. 
2.6 University of Waterloo Alternative Fuels Team 
The University of Waterloo Alternative Fuels Team (UWAFT) is a student-led 
advanced vehicle technology research and development group based out of 
the University of Waterloo. UWAFT has participated in seven AVTCs since 
being established in 1996. The team is currently operated out of the University 
of Waterloo’s Sedra Student Design Centre with access to a fully equipped 
vehicle garage, vehicle lift, office space, 4-wheel chassis dynamometer, and 




As the market share for shared mobility transportation solutions continues to 
grow within urban environments, increased research efforts are documenting 
potential implications, evidence of long-term sustainability, or lack thereof. 
The following provides a brief overview of literature analyzing current 
developments, potential impacts, and future potential of carsharing as a 
shared mobility solution in addition to autonomous vehicle implications on 
fuel economy. 
Literature has shown that on-demand mobility can provide numerous 
transportation, land-use, environmental, and social benefits. Moreover, users 
of shared mobility solutions tend to have reduced vehicle ownership and 
annual Vehicle Miles/Kilometers Travelled (VMT/VKT) rates [14] [15]. At its core 
most carsharing operations share a set of common goals; Reduced traffic 
congestion, Reduced personal vehicle ownership, Increasing mobility options 
in low income markets, Reducing VMT, Reducing emissions, facilitating more 
efficient land use, and providing more accessibility among transportation 
modes [16]. These goals can be used to evaluate the overall success and long-
term viability of carsharing and shared mobility. D.J. Fagnant et al. conducted 
a study simulating low level market penetration of Shared Autonomous 




1.3% of all regional trips completed by SAV, the study concluded that each SAV 
can replace approximately 10 conventional within the designated area while 
maintaining a reasonable level of service. However, this also results in a 8% 
increase in VMT as SAVs may often need to complete “no-passenger trips” in 
order to reach the next traveler, or relocate to a more favorable position [17]. 
In contrast M.W. Levin reports that tens of thousands of SAVs would be 
required in order to fully replace personal vehicles leading to significant 
congestion and wait times during peak hour demand [18]. W. Zhang et al. 
suggests that SAVs could pave way for the elimination of up to 90% of parking 
demand by customers who adopt the shared mobility solutions at the low 
market penetration rate of 2% [19]. In terms of growth, research of active North 
American carsharing operations conducted by S.A. Shaeen et al. reveals that 
6.9% and 12.5% of individuals over the age of 21 in Canada and the United 
States respectively are active members of, or have used a carsharing service 
[16]. This number increases dramatically with the inclusion of the post-
secondary (University/College) market (18-21). Ultimately the literature 
reviewed implies that while carsharing continues to gain popularity and 
market share, increased education, impact evaluation, and supportive policy 
approaches are required to facilitate the ongoing expansion and development 
for this emerging mode of transportation [15]. Furthermore, combing shared 
mobility and vehicle autonomy will amplify the adoption of both technologies. 
AVs are well on track to become an emergent phenomenon by 2020, 
accepted technology by 2030, and dominate the personal transportation 
industry by 2050 [14]. If AVs are to become ubiquitous, then SAVs will need to 
meet, if not exceed various characteristics of today’s conventional vehicle, 
most importantly safety and fuel economy. At the time of writing a 
standardized fuel economy testing method for AVs does not exist. Current US 
fuel economy testing consist of a vehicle on a chassis dynamometer with a 
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human driver following a pre-set drive trace or velocity schedule. Thus this 
standardized testing system neglects differences in how individuals drive their 
vehicles on the road, nor does it account for the significant impact AVs may 
have on fuel economy [20]. It has been shown that AVs algorithms designed 
without considerations for efficiency can result in a 3% reduction of fuel 
economy, while efficiency focused strategies may be result in fuel economy 
improvements of up to 10% [20] [21].  
A.C. Mersky et al. formulated the “Automated Vehicle Drive Cycle” using 
the existing FTP and HWFET cycles in order to provide a standardized fuel 
economy testing method that captures the impacts of automated driving. The 
Automated Vehicle Drive Cycle is intended to be incorporated within the 
standardized EPA weighted tested scheme for Fuel Economy and emissions. 
One such efficiency-oriented strategy is developed in C. Wu et al. where 
mathematical computation of the optimal acceleration/deceleration targets is 
found via the Lagrange multiplier method. These optimal values are then 
presented in a human readable fashion to the driver of the vehicle via the 
Human Machine Interface (HMI) in a driver operated vehicle, or directly result 
in automated actuation in autonomous driving conditions. Simulation results 
showed vehicles with the system consumed significantly less fuel than those 
without in all acceleration conditions (22-31% overall fuel savings) and most 
deceleration conditions (12-26% overall fuel savings) [22]. Another method 
presented in B. Asadi et al. proposed the utilization of upcoming traffic signal 
information within the vehicle’s adaptive cruise control system to reduce idle 
time at stop lights and fuel consumption [23]. The developed algorithm relied 
on Model Predictive Control (MPC) to formulate a Predictive Cruise Controller 
(PCC). When active, this control strategy led to a 47% reduction in fuel 
consumption and 56% less 𝐶𝑂2 emission in comparison to the conventional 




























 AVTC, the EcoCAR Mobility Challenge recognizes the ongoing shift in 
the automotive industry, specifically in relation to shared mobility and vehicle 
autonomy, and aims to utilizes its status as the premier collegiate automotive 
engineering student design competition as a platform to educate those who 
will continue to further this change. Thus, the development of the vehicle as 
examined in this thesis is pertinent as it represents an accurate reflection of 
the current state of the automotive industry.  
 
The EcoCAR Mobility Challenge tasks 12 North American universities to apply 
advanced propulsion systems, electrification, SAE Level 2 automation, and 
vehicle connectivity to improve the energy efficiency of a 2019 Chevrolet 
Blazer – all while balancing factors such as emissions, safety and consumer 
acceptability. Teams will use onboard sensors and wirelessly communicated 
data from the vehicle’s surrounding environment to improve overall operation 
in the connected urban environments of the future. The team’s vehicles will 
include automated functions such longitudinal acceleration and steering. 
These automated functions must assume that the driver will be engaged in all 
driving task and must actively monitor the environment. In addition, EcoCAR 
Chapter 
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teams will use Model-Based Design to effectively manage projects, collaborate 
on designs and develop complex embedded systems.  
 
The Vehicle Design Process (VDP) set forth in the EcoCAR Mobility Challenge 
closely mirrors that of the design process used by global automotive 
manufacturers. Each of the four years, having a unique focus, goals, and 
milestones are set up to advance teams through the VDP as shown in Figure 8. 
 
 
At the time of writing UWAFT has completed the first year of the VDP, primarily 
centered on the vehicle architecture design and selection and will be 
commencing propulsion system bench testing and powertrain integration.  
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Team’s ability to achieve the primary technical goals will be assessed 
throughout the VDP via a series of static and dynamic events. Technical goals 
can be linked to one or more competition events as shown in Figure 9. 
 
 
Mobility as a Service is a data-driven, consumer centered model of 
transportation that encompasses a combination of traditional transportation 
methods via a personalized on-demand, real time platform [25]. The overall 
success of MaaS implementations vary by region and can be influenced by 
factors such as urban geography, overall trip patterns, and quality/coverage of 
existing public transit infrastructure [26].  
In general, the MaaS spectrum can be broken down into four distinct 
categories; Ridehailing, Ridesplitting, Ridesharing, and Carsharing. Table 2-2 
provides an overview of each of the four categories and examples of services 
in each. 
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RIDEHAILING:  A service that arranges one-time shared rides on short 
notice, usually through a smartphone app. Vehicles are 
typically privately owned [24]. 
RIDESPLITTING: Similar to ridehailing, however trips are pooled between 
multiple users heading to the same destinations, multiple 
destinations along the same route, or within close proximity 
to each other [24].  
RIDESHARING: Similar to ridehailing, except the passenger(s) and driver 
share a common destination. Fundamentally, Ridesharing 
adds passengers to a pre-existing trip [24].  
CARSHARING: A service that provides users with access to an automobile 
for short-term use. Vehicles can be deployed in a fleet-








































Traditional taxi/Limo Service 
Future: robotaxi 
Ridesharing:  





The development vehicle explored in this thesis has been designed 
specifically to be utilized in a Fleet-Owned car-sharing application, with each 
vehicle having a feature set geared towards semi-autonomous driving in 
addition to improving the overall driving experience. Unlike the traditional 
ownership model, users to are not introduced to new vehicle features by a 
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dealership representative, nor do they have benefit of long-term vehicle 
ownership, allowing them to find features for themselves. Thus, it is imperative 
that MaaS aims to quickly establish user trust in the vehicle and its features. 
One method to do so involves clear communication of the vehicle overall 




MaaS has experienced a steady growth in adoption in recent years, this 
growth correlates with the continued global urbanization trends as larger 





Carsharing is typically concentrated in denser populated urban areas where a 
larger and more accessible customer base can be served [29]. In the United 
States in 2003, 94% of carsharing membership was concentrated in eight 
metropolitan areas – San Francisco, Los Angeles, San Diego, Portland, Seattle, 
Boston, New York and Washington D.C. [30]. A similar concentration exists in 
Canada and Europe [30]. The density in urban areas is found to be highly 
correlated to the decreased number of vehicles per household and vehicle 
distance travelled [30]. Lower vehicle ownership can be attributed to the 
scarcity of parking space along with better transit systems. Carsharing works 
best when used in conjunction with other modes of transportation, such as 
public transit, rather than replacing them. In a 2005 report, it was stated that 
nearly 20% of carsharing trips were accessed by transit [30]. Furthermore, city 
governments are more willing to mandate pro-carsharing initiatives in urban 
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environments compared to suburban or rural communities that do not face the 
same issues. Vehicle congestion and pollution, two key issues commonly 
encountered in urban settings, are addressed by carsharing via reducing the 
number of vehicles on the road. Canadian studies suggested that 15% to 29% 
of customers sold a vehicle after joining a carsharing program, whereas 25% to 
61% delayed or had forgone a vehicle purchase [15]. An example of city 
government initiatives is the Metro Vancouver 2040: Shaping our Future 
regional plan that prioritizes city efforts to increase carsharing prevalence [31]. 
 
Consumers in younger age groups are more likely to become carsharing 
members compared to older demographics. The US carsharing customer 
market segments, outlined in Table 4-1, support this notion [29]. Older 
demographics are typically more skeptical shoppers and adopt new services, 






Education also plays a significant factor in carsharing membership. 
University/college students and young professionals make up 60% of revenue 
in the carsharing industry with continued projected growth [2]. In addition, 
about 80% of carsharing consumers possess at least a bachelor’s degree [2]. 
Higher education incurs significant tuition costs on its students, causing 
students to have relatively low disposable incomes, which is another factor 
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relating to carsharing membership. Carsharing services typically partner with 
universities and colleges to implement their services on campus. For example, 
Zipcar is offered at 300 schools throughout the US while Enterprise CarShare is 
offered at 125 colleges and universities [2]. Regarding gender, there is no 
significant difference between the number of female and male members of 
current carsharing services.  
 
A survey conducted by UWAFT gave helpful insight on the psychographic 
characteristics for the personality traits, values, attitudes, interests, and lifestyle 
choices of the customer. The respondents were asked whether they would 
want to become/stay a member of a carsharing service. If yes, they were asked 
for reasons for why they would want to become a member. The most popular 





Convenience is the most common reason for becoming a carsharing 
customer as it allows users to enjoy the mobility of operating a vehicle while 
not having to deal with insurance, maintenance, and long-term parking. In a 
carsharing study, 60.0% of the carsharing customers surveyed said that they use 
the service because it ‘saves time’ [33]. The ability to acquire a vehicle as quickly 
as possible is what sets carsharing apart from other rental vehicles and is what 
its customers value most.  
 
In order to obtain a year-round customer base, the target market will include 
two unique customer segments; university/college students, and young 
professionals (those who have recently graduated from post-secondary 
education). The carsharing fleet will function as part of a station-based service 
but with only round-trip use. One-way trips pose an operational issue if 
vehicles are shifted around into areas with insufficient stations. The one-way 
option would require the number of stations to greatly exceed the number of 
fleet vehicles, which are difficult to obtain due to Toronto’s lack of parking 
spaces. The one-way trip use case is better suited for other MaaS services such 
as public transit or ridesharing.  
Multiple carsharing companies were interviewed to gain a better 
understanding of carsharing from a fleet owner’s perspective. As a result, the 
vehicle wants and needs of the fleet-owner will be defined as reliability, 
usability, and ownership cost; ownership costs encompass its purchase price, 
maintenance, repairs, insurance and fuel. This ownership cost better 
encompasses the needs of a fleet owner, whose primary goal is to be net 
profitable overall.  
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The customer segments of university/college students (18-24) and young 
professionals (25-35) create an overall age bracket accounting for 60% of the 
overall market [29]. The education of the target customer would involve 
pursuing or possessing a college/university degree. The income of the young 
professionals would be between $40,000 and $70,000 while the income of 
students would still be less than $9,999. These recent graduates lack in 
disposable income, compared to older age groups, due to having been in the 
workforce for only a short period of time. This customer segment tends to have 
less children, are unlikely to own a vehicle and are more open to new 
technologies; all characteristics of typical carsharing members [29]. 
The use cases of the customer segment include running errands, 
moving furniture, shopping for groceries, going to entertainment venues and 
inter-city round trips. Commuting will not be a common use case. From a 
carsharing user study, it was found that carsharing members tend to be more 
concerned with environmental and social issues [30]. They tend to be willing to 
try out new ideas and find saving money very important [30]. Members are 
more concerned with the functionality of the vehicle than the vehicle as a 
reflection of their personality or status [30]. These personality traits allow 
carsharing members to surpass the barrier of entering an unfamiliar vehicle if 
it means they can make an environmental impact while saving money 
compared to owning a personal vehicle.  
The general wants and needs of the customer of the carsharing service 








Powertrain Design and Optimization 
Knowing the intended target market, use case, and overall application of the 
vehicle as defined in the previous chapter, allowed UWAFT to formulate a 
conceptual design for the vehicle propulsion system platform. The team went 
through several design iteration and optimization cycles in order to achieve 
high-level targets and objectives. This chapter details this powertrain design and 
optimization process including objectives, limitations, performance targets, and 
an overview of the final selected architecture. 
 
As with most of projects of this nature, the first step in the designing the vehicle 
propulsion system architecture typically involves establishing design objectives 
and evaluation criteria used to measure each potential design’s ability to 
achieve its intended purpose. Ownership Cost, Vehicle Technical 
Specifications, and Integration risk were established as the key performance 
indicators used in the propulsion system evaluation method. Analysis for each 




Total ownership cost of the vehicle is one of the most important items which 
must be taken into consideration from a fleet-owners perspective. Global 
automakers place great emphasis on the study cost optimization as the results 
of this effort significantly influence not only profit margins, but also determines 
market size and composition of those who could feasibly afford the vehicle. 
Luxury automotive manufactures can afford to spend more time and resources 
on engineering development, exotic materials, and artisanal assembly 
processes as they cater to the extremely rich who are able to pay for such. Thus, 
lower quantities of the vehicle are produced. If the same company were to 
market the same vehicle to the typical middle-class citizens, the company is 
likely to lose an exorbitant amount of money. In short, the vehicle must be 
designed in a way such that the cost can be sustained by the target market. 
This requirement also applies within the context of the prototype 
vehicle under development by UWAFT. The overall cost must be appropriate 
for the carsharing application in which it will be deployed as it represents a key 
barrier of acceptance of advanced vehicle technologies. Both the fleet owner 
and customer prioritize lower cost vehicles. Fleet owners seeks a reduction in 
purchase price, maintenance costs, and fuel costs while maximizing resale 
value, and the customer seeks an overall reduction in the cost to use the 
carsharing service. The following equations were used for the purpose of 







𝑇𝑜𝑡𝑎𝑙 𝑂𝑤𝑛𝑒𝑟𝑠ℎ𝑖𝑝 𝐶𝑜𝑠𝑡 = 



















1. Lifetime miles (mi) is assumed to be 30,000 miles over a period of 18 months 
2. Energy Consumption (mpg) will be based on actual vehicle energy 
consumption data  
3. Fuel Price ($/gal) is on average EIA projections (Regular gasoline: $3.19/gal | 
















1. 𝑀𝑜𝑡𝑜𝑟 𝐶𝑜𝑠𝑡 is valued at $6/kW per the 10s peak power discharge rating of 
the motor and inverter system. 
2. 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑜𝑠𝑡 is valued at $20/kW per the 10s peak power discharge rating 




𝐸𝑛𝑔𝐶𝑜𝑠𝑡𝑆𝐼 = 827 + (109 ∗ 𝑁𝑜𝐶𝑦𝑙) +  (6.2 ∗ 𝐸𝑛𝑔𝑃𝑤𝑟) + (283 ∗ 𝐷𝐼)  +





1.  𝑁𝑜𝐶𝑦𝑙  = Number of Engine Cylinders 
2.  𝐸𝑛𝑔𝑃𝑤𝑟 = Rated Peak Power (kW) 
3.  𝐷𝐼  = Direct Injected (Binary) 





The technical specifications of the vehicle, otherwise known as VTS, was also 
used to evaluate each of the proposed vehicle architectures in terms of overall 
performance. Table 5-1 lists all VTS metrics evaluated via computational 
modeling and simulation alongside mandated minimum safety requirements 














Finally, Integration Risk and the probability of successful execution was taken 
into consideration. UWAFT’s benefits from its prior experience in EcoCAR 
competitions and aims to develop architectures that will see faster development 
cycles instead of pursuing over the top architecture ideas that prove not only 
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difficult to implement, but also tough to troubleshoot and advance as vehicle 
development progresses. A balance is struck between the level of difficulty the 
team will experience during development and the confidence the team 
possesses in meeting the overall VTS specifications during the architecture 
implementation phase. This allows UWAFT to spend more time and energy 
focusing on executing the vision of the competition, primarily ensuring that 
CAV and Controls and Systems Modeling and Simulations (CSMS) groups do 
not face development curtailment due to mechanical integration bottlenecks 
[35].  
UWAFT intends to maintain a low to moderate appetite for risk as it has 
elected to focus its integration efforts in the electric powertrain located in the 
rear of the vehicle only. This strategy ensures that the vehicle should experience 
minimal downtime during the propulsion system integration phase, as the 
internal combustion system, will take significantly less time to integrate and can 
be developed in isolation to the EV system.  Considering this development 
philosophy, UWAFT developed a comprehensive risk assessment and analysis, 
the full extent of which can be found in the appendix of this thesis. 
5.2 Propulsion System Requirements and Limitations 
Several technical requirements and limitations influenced the design of the 
vehicles propulsion system. These constraints were imposed in order to ensure 
the creation of viable propulsion system designs that address the core vision of 
the EMC by satisfying rules, participating in dynamic events, and avoiding 
penalties, while still allowing for a level of uniqueness between teams.  
depicts the resulting product development process. Proper understanding and 
analysis of the design space/constraints are critical to successful vehicle 
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development. Key propulsion system requirements and limitations are listed 
below: 
 
1. Hybrid System Design – The propulsion system design must not contain a 
hybrid propulsion system from another production vehicle in its entirety. 
2. GM Powecube – A non-modified GM Powercube (engine - transmission 
pair) must be utilized in the team propulsion system design. The engine 
and transmission cannot be separated in any way in order to facilitate the 
integration of electric motor(s) in between.  
3. Stock Engine – The propulsion system design must not include the 3.6L V6 
engine that ships with the stock 2019 Blazer RS trim specification.  
4. Fuel Tank Capacity – Fuel tanks must not have a capacity over 10 gallons. 
5. Energy Storage System – The propulsion system design must incorporate a 
single non-team-built “Black-box” ESS. The ESS cannot be a hybrid energy 
storage solution, and not included multiple ESS’s connected in series or 
parallel.  
6. Safety Requirements – The designed vehicle propulsion system must meet 
all minimum safety requirements and regulations. 
7. Architecture Approval – P0 and P0-P4 powertrain designs have been pre-
approved by the EcoCAR organizing committee. 
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5.3 UWAFT VTS Targets 
UWAFT’s Team selected VTS targets are show in Table 5-3. These selections 
stemmed from information gathered on the general wants/needs of the 
customer and fleet-owner in additional to historical utilization data from fleet 












These technical specifications served as the high-level targets. Each viable 
propulsion system architecture would be designed in such a way to satisfy these 
specifications. 
5.4 Decision Making Process 
Over fifty viable vehicle powertrain architectures were conceptualized during 
the design ideation phase, however only a total of 14 unique architectures fully 
evaluated. These remaining architectures can be distilled into four distinct 
categories; P0, P0-P4, P4, and Dual Motor designs as shown in . 
 
  
P2 and P3 based designs were excluded from the list of viable candidates 
as the result of a “first-pass filter” algorithm. The filter assessed the controls 
development and mechanical/electrical Propulsion System Integration (PSI) risk 
associated with each of the considered architectures. A boundary condition was 
established such that any architecture with an associated risk score lower than 
the boundary was deemed acceptable. Architectures with an associated risk 




A data-driven decision-making process was utilized in order to select the 
final propulsion systems architecture to be implemented from the remaining 
candidates. As mentioned in section 5.1 Cost, VTS performance, and integration 
risk were utilized as the primary factors within architecture evaluation function 
as shown. 
  




The results of the evaluation function were compiled to form a weighted 
decision matrix as shown in the Appendix. 
5.5 Final Architecture Selection  
A P4 Parallel Hybrid shown in Figure 17 was chosen as the final architecture 
selection. This architecture was chosen as it embodied the optimal solution to 
the cost-risk-performance problem as outlined in section 5.1. From a high-level 
perspective, this design consists of; a 150kW electric motor with an integrated 
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9.04:1 gear reduction, also known as an Electronic Drive Unit (EDU) from 
American Axle Manufacturing, a 2.5 Liter inline-4 engine from General Motors, 
and a custom fabricated ESS provided by Hybrid Design Services (HDS). The 
selected architecture will also include a 12V start-stop system. Full powertrain 







Under normal circumstances, the vehicle will be capable in operating in one of 
three drive modes; EV mode, Engine Only mode, or Parallel Drive Mode. 
EV Mode – The vehicle will only utilize the electric powertrain, located 
in the rear of the vehicle, for short durations in situations where; 
1. The torque demand is less the maximum output torque of the EDU. 
2. The ESS SOC allows for sustained EV only operation. 
3. A net-zero SOC change can be maintained due to a high number of 
potential regenerative braking events (City driving/Stop and Go 
traffic) 
Engine Only Mode – In the event that electric propulsion becomes 
unavailable, the vehicle can still be driven as a conventional internal 
combustion vehicle. Operating the vehicle in this drive mode for 
sustained periods of time will lead to an overall reduction in fuel 
economy. Thus, this drive mode should be utilized as a fail-safe 
mechanism or at times during the integration phase where the EV system 
may not be fully operation, but the car may still be driven in order to 
collect data. 
Parallel Drive Mode – The primary drive mode in which the vehicle will 
operate. This drive modes enables 4WD functionality while allowing the 





The EV powertrain, consisting of the Electric Motor and High Voltage Pack (ESS), 
must be designed with care to ensure that components are not only compatible 
with each other, but also satisfy the objective to produce a vehicle optimized 
for Fuel Economy.  First, the power levels of the two systems should be matched 
such that the ESS discharge power capabilities meet the requirements of the 




Energy recovery potential should also be considered if the vehicle is to be 
designed to optimize for fuel economy. In order to maximize energy recovery, 
the vehicle should be designed such that regenerative braking is used as the 
primary means of slowing the vehicle. A maximum comfortable deceleration 
rate of 3.0𝑚/𝑠2 , as recommended Institute of Transportation Engineering, can 
be set as a target deceleration rate, however the charge capabilities of the ESS 
will typically act as the limiting factor determining how much energy can be 
realistically recovered through regenerative braking [36] [37].  depicts 
 44 
ESS regen capabilities for two ESS options considered while designing the EV 
powertrain for the Blazer. 
 
As shown, ESS B can bring the vehicle to a complete stop from 93.02 km/h 
using only regenerative braking at the targeted deceleration rate, whereas ESS 
A can only slow the vehicle from approximately 45 km/h before the application 
of mechanical brakes are required. 
 
Next, the vehicle characteristics and specifications of the selected motor can be 
used to determine the expected EV acceleration capabilities and top vehicle 
speed. Using known constants such as the vehicle curb mass (2036.3 kg) and 
intended target 0-60mph acceleration time (5.5s), wheel radius (0.38m), and gear 









= 5.05 𝑚/𝑠2 
5.8 
  
𝐹 = 𝑚𝑎 => 2036.3𝑘𝑔 ∗ 5.05
𝑚
𝑠2
= 10285.16 𝑁 
5.9 
  




The AAM EDU4 has a peak torque rating of 346𝑁𝑚 ∗  9.04 =  3,127.84 𝑁𝑚. 
Working in reverse, the EV only 0-60mph acceleration time can be found to be 
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6.872𝑠. Although this does not meet the target acceleration time as stated in 
Table 5-1,this simple calculation gives provides UWAFT with a level of 
confidence that the target acceleration can be achieved when vehicle is being 
propelled by both the internal combustion and EV powertrains. 
 The maximum motor speed for the AAM EDU4 is listed as 13,146 𝑟𝑝𝑚, 
accounting for the gear reduction the maximum speed at the half-shaft will be 
1,454.2 𝑟𝑝𝑚. Thus, the maximum vehicle speed can be found as shown below.  
  




𝑣𝑚𝑎𝑥 =  
1,454.2 𝑟𝑝𝑚∗60∗2.39𝑚
1000





Finally, the known EV system and total ownership ship cost can be used to select 
the appropriate engine to be utilized in the vehicle architecture. Figure 19 
shows two graphs used to compare powertrain options utilizing different 
engines. The vertical bars represent the total peak power of each powertrain 
configuration utilizing the 1.5L, 2.0L, and 2.5L engines respectively. In the 
scenario where a known 75kW EV system is used (left) in each configuration, 
the powertrain configuration containing the 2.0L engine will have the highest 
peak power output, and therefore outperform the other configurations. 
However, this configuration also has the highest associated ownership cost as 
denoted by the green line. The second-best performer in terms of peak output 





The graph on the right assumes a set target peak power level. In this 
scenario the appropriate supplemental EV system is added to the engine power 
output in order to meet the overall power target. Once again, the 2.5L 
configuration was found to have the lowest cost of ownership. Thus, this engine 









Battery Pack Development 
 
As discussed in prior sections of this thesis, the primary design objective taken 
into consideration was to minimize fuel and overall energy consumption, thus 
it follows that the design of the UWAFT-designed Blazer’s powertrain should be 
centered around the design of the battery pack. A collaborative effort which 
included UWAFT, Hybrid Design Services, and Ohio State University, was 
established in order to develop a custom energy storage solution for teams 
participating in EMC. This battery pack is the centerpiece of UWAFT’s vehicle 
architecture design; thus, a significant effort has been invested in order to 
extract the maximum potential benefit from this custom component. 
 
VTS targets defined for the EcoCAR Emissions and Energy Consumption (E&EC) 
and 0-60 acceleration events were the driving factors behind the battery packs’ 







At the onset of the project two initial design concepts were formulated.  
Concept 1 involved re-engineering an in-production battery pack currently 
utilized in the current generation Chevrolet Malibu hybrid. Multiple Malibu 
hybrid (HEV4) batteries would be procured, disassembled, and re-packaged 
into a single black-box enclosure. This “combined” battery pack would unlock 
the possibility for various series-parallel cell and module configurations to 
facilitate battery pack options that meet different power and energy sizing 
requirements. Most importantly, the combined pack(s) would see overall 
improvements in nominal voltage, energy capacity, and peak discharge power 
when compared to the unmodified battery.  A list of combined pack options is 




Concept 2 world require the development of an application-specific 
battery pack from the ground up by progressively advancing through the entire 
product development cycle. At a minimum, this effort would include tasks as 
stated in . 
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Ultimately, UWAFT elected to proceed with concept 2 due to the OEM’s 
hesitancy to support the re-engineer effort required for concept 1. The 
following sections of this thesis detail the current design of the battery pack at 
the time of writing. 
 
Electrical characteristics and requirements for the battery pack were defined 
based on the simulation results of the E&EC and 0-60 acceleration events, further 
discussed in section 7.4. Table 6-4 shows maximum battery charge and discharge 
power for both city and highway drive cycles. 
 
 
Adding a design buffer results in a target 30s peak charge and discharge power 
rating of 107kW and 120kW respectively. Pack energy sizing was completed via a 
similar process. A parametric sweep was used to find a useable energy capacity 
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value that resulted a net-zero SOC depletion +/- 10% when staring from 60% 




Table 6-5 provides a list of the three cells and pack configurations considered. 
These are high-quality 18650-format cells which are readily available and meet or 
exceed the required power and energy targets. Furthermore, the 18650 form-
factor is a well-characterized and well-developed cell, which allows flexible 
packaging options and allows the use of off-the-shelf components to assemble 
and weld the individual battery modules.  
 
 52 
The Samsung 20s cell was selected based on initial cell characterization 
and thermal test data received from HDS. Initial testing has revealed the Samsung 







The ESS will be actively monitored and managed by a fully integrated modular 
Battery Management System (BMS), this is done to reduce development costs 
while ensuring the BMS can be configured for the number of cells in series and 
allow for flexible Controller Area Network (CAN) communication. HDS will 
provide a LabView graphical user interface for monitoring of the cell information. 
HDS is currently evaluating a system provided by Lithium Balance. The 
modular Lithium Balance LiBAL s-BMS consists of one master Battery 
Management Control Unit (BMCU) communicating with up to 32 Local 
Monitoring Units (LMU). Each LMU is capable of monitoring individual and total 
voltages for up to 3-8 cells in series, thus the intended 96S8P configuration will 
have a modular integrated BMS consisting of 13 boards (1 BCMU and 12 LMU’s). 
The s-BMS system will be configured for active thermal management; however, 
HDS will provide teams with the ability to manually control the operation of the 
internal blower fan if desired. At a minimum, the BMS will report the following 
data via CAN messages: 
• Pack Voltage  
• Pack Current  
• SOC  
• Cell Voltage  






The proposed pack will include an intake air interface, which draws air in from 
the cabin via an internal fan. The exact airflow requirements are still under 
development based on the cell usage cycle. HDS will provide further detail once 
the engineering is completed. The initial pack internal layout, including fan 
placement and cooling channels, can be seen in . The exhaust air 
temperature is anticipated to rise slightly during high usage. The pack will 
include an exhaust-air port which must be routed outside the vehicle body. The 
exhaust must be directed to the exterior of the vehicle as the cells are in direct 
contact with the air stream. In the unlikely event that a cell ruptures or vents, the 





The exterior enclosure of the battery pack has been designed for installation in 
the area occupied by the spare wheel compartment in the stock vehicle. UWAFT 
will modifying the false floor in order to gain access to the area and successfully 
install the battery pack. An attempt was made to package the ESS underneath the 
vehicle body in the area which is occupied by the fuel tank in the stock vehicle. 
Packaging the ESS in this area would lower the vehicles center of gravity leading 
to improved vehicle dynamics and handling performance. However, this effort 
was ultimately abandoned due to the need for an additional skid plate, increasing 
the overall weight of the car, and overall poor serviceability.   
The ESS will be securely held in position by the battery mount as shown in 
Figure 25 which has been designed with ease of fabrication in mind. Structural 
analysis of the design has yet to be completed. 
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Vehicle Modeling and Simulation Results 
The following sections of this thesis detail powertrain modeling and simulation 
environment setup, baseline performance results, and drive cycle analysis of the 
selected vehicle architecture. MathWorks MATLAB/Simlulink, a graphical 
programming interface for modeling, simulation, and analysis of multidomain 
dynamic systems, was utilized as the primary tool in the development of the 
powertrain model. With access to MATLAB library blocks and toolboxes, UWAFT 
is able to efficiently explore a large number of architectures containing different 
components in various configurations [38]. This rapid prototyping modeling and 
controls development process is essential to ensuring the identification of the 
optimal vehicle architecture for the EMC. 
The propulsion system model is derived from a Simulink model for the 
stock 2019 Chevrolet Blazer provided by MathWorks. The model is composed of 
five unique subsystems; powertrain, drivetrain, controllers (Propulsion and 
CAVs), and driver input, as shown in . These systems have been 
developed in parallel with component selection and architecture refinement in 
order to achieve the best results. MATLAB scripts were developed to facilitate 
dynamic loading of component data structures used to evaluate various 







Basic building blocks from Simulink’s powertrain block-set were used to 
develop accurate model representations of each component under 
consideration.  The engine and motor models primarily rely on lookup tables 
generated via the Model-Based Calibration Toolbox [39] and simplified 
dynamics, whereas the ESS is represented as an equivalent circuit model. 
Linear interpolation between lookup tables breakpoints has been proven to 
be sufficient for standard drive cycle modeling [6]. 
 
The engine model is based on the mapped SI Engine block sourced from 
MathWorks [40]. This block uses a series of lookup tables to calculate the input 
speed and torque command. Significant lookup tables include the gas mass 
flow, fuel mass flow, exhaust manifold gas temperature, BSFC, HC, CO, NOx, 
CO2, and Pm Emissions. These emission calculations are further detailed by a 
set of blocks determining the level of filtrated emissions by an active/inactive 
catalyst. Actuator blocks use transfer functions to determine the actuator 
dynamics at a given time. These calculations assume that the operating 
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pressure and temperature of the engine is constant and that the lookup table 
values are representative of practical applications [38].  
 
 
Similarly, the battery model is based on the MathWorks the Datasheet Battery 
block [41]. Physical parameters are calculated using the 0th-order equivalent 
circuit model. The block populates the open circuit voltage and the internal 
resistance via lookup tables in order to determine the battery output voltage. 
State of charge is calculated by coulomb counting. Temperature is assumed to 
be constant during operation, and the lookup table is assumed to be 
representative of battery conditions. These assumptions can be made as the 
changes in temperature are negligible during battery operation within the 
standard drive cycle. Equivalent circuit models have been shown to be 
sufficiently accurate for the purpose of battery voltage estimation however 





The motor model is derived from the MathWorks Mapped Motor model [43]. 
The model uses a lookup table to determine efficiency based on input torque 
and motor speed. Another lookup table uses maximum torque values and 
rotational speeds as tabulated torque-speed data. These lookup tables are 
populated based on data obtained directly from the Motor Manufacturer. 
Mechanical power is then calculated based on speed and torque. Current is 
calculated based on the battery voltage and the mechanical power. A gain is 




7.2 Energy Consumption Modeling 
In a conventional vehicle, only low-level controls such as individual 
component controllers are utilized; high-level controls such as energy 
management strategies are not necessary. The driver’s intent is communicated 
through the accelerator and brake pedals which are then translated into 
actions by the low-level executive component control. In a hybrid vehicle, 
however, an extra task is added to the vehicle controller, which is to determine 
how much power should be delivered by each of the energy sources in the 
vehicle [38]. Reasons for using an energy management strategy include the 
minimization of fuel consumption, maximizing battery life, reducing 
emissions, or reaching a suitable compromise among all of them [44]. A 
general example of a hybrid vehicle energy management system 
implementation is shown in . 
 
 
Energy management systems dynamically manage the power flow 
allocation from each energy source to achieve the control objective. For the 
UWAFT-designed Blazer, the control objective is to minimize fuel 
consumption by optimizing a performance index, while satisfying global 
constraints such the final SOC value, SOC operating range, battery 
temperature, and battery power [44]. 
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The Equivalent Consumption Minimization Strategy (ECMS) is a method that 
has been used widely in hybrid applications. The ECMS is based on the concept 
that the usage of the electric energy can be exchanged with the equivalent fuel 
consumption. The equivalence between the electric energy and the fuel energy 
is evaluated by considering the average energy paths leading from the fuel to 
the storage of electric energy [45]. The strategy functions as follows: for each 
time (𝑡) with a time step of (𝛥𝑡), parameters such as acceleration, speed, wheel 
speed and wheel torque are measured or evaluated. These values, along with 
the mentioned cumulative quantities are used to calculate a probability factor, 
which determines the equivalence factor. The equivalence factor finds the fuel 
equivalent of electrical energy based on whether the battery is being charged 
or discharged. This is used to determine the cost function. The cost function is 
found in a range of control variable values, and the control variable value that 
produces the lowest cost function is saved. This control variable then regulates 
the amount of torque that is provided by the electrical and fuel path. This is all 
done while considering global and local constraints such as final SOC and 
operating range of SOC, temperature and battery power [46].  shows 
the energy paths during discharge and charge in a hybrid vehicle. UWAFT will 
implement ECMS as it is a commonly used strategy with low computational 
complexity that has been proven to work well with hybrid applications. 





Since ECMS requires prior knowledge about the driving cycle, it cannot be 
used in real world driving scenarios. In order to add this functionality, an 
Adaptive ECMS (A-ECMS) control strategy is also included in vehicle model. As 
its name implies, this strategy is capable of adapting to dynamic driving 
conditions in real-time, however this additional functionality comes at a cost as 
some performance will be sacrificed in comparison to ECMS.  
The resulting A-ECMS control action are derived from drive cycle prediction 
and driving pattern recognition. The “speed predictor” and “driving pattern 
recognition” blocks include a total of 24 unique parameters (average cycle 
velocity, positive acceleration, kinetic energy, stop time/total time, average 
acceleration, average grade, etc…) to store historical driving data. This method 
would only be implemented in the controller of the actual vehicle. Ultimately, 
an ECMS/A-ECMS strategy was selected as the energy management strategy for 
the vehicle’s propulsion system. This method is computationally efficient, 
mathematically proven and gives good energy consumption results, according 
to existing publications. 
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7.3 Model Limitations and Assumptions 
As previously discussed, the primary powertrain components (motor, engine, 
and battery) have been modeled using lookup tables provided by the 
component manufacturers. Without the physical components to validate these 
tables, it has been assumed that these individual components have been 
modeled to a sufficiently high degree of accuracy. Additionally, the mechanical 
connections between components and through the whole driveline have been 
modeled based off thoroughly tested physical phenomena and can largely be 
assumed to be accurate. However, there exists some assumed parameters or 
conditions that may cause some variance in modeled fuel economy results [38].  
Transmission shift time is one of those factors that may cause variance in 
the modeled fuel economy. A review of reference materials has revealed that 
vehicle shifting tends to range from a low of 50ms to approximately 500ms [23]. 
The initial shift time used in the model was 350ms. Different transmission shift 
times for the selected architecture were analyzed using the vehicle model 
resulting in a maximum fuel economy of 32.83 MPG, and a low of 32.19 MPG as 
shown in . Overall, the fuel economy is not significantly correlated with 
shift time, with the maximum difference being around 1.9%. The standard 
deviation of the fuel economy results is approximately ±0.1608 MPG, which is 








At the time of writing, the modeled hybrid supervisory controller exhibits 
unexpected behavior. This unexpected behavior is repeatedly observed during 
long drive cycles when under a sustained acceleration event. Despite the SOC 
being relatively high, the controller will tend to overload the engine with a high 
torque command and perform regenerative braking. Although this is a tradeoff 
between energy consumption and performance, this behavior is unfavorable 
for driving experience overall as it unexpectedly puts the engine under high 
loads. Furthermore, the energy consumption strategy in this case does not 
consider the future energy losses from the motor, which may as a result slightly 
overestimate the fuel economy results from this unique limitation. 
Other assumptions not formally evaluated but inherent to the model 
include constant environmental conditions (no grade, no wind, etc.). Any 
deviations from these environmental conditions are specific testing cases that 
would not be included in basic architecture design and selection. Overall, an 
upper estimate of the validity of the results is that the true fuel economy values 
are ± 1.65 MPG from the modeled ones, suggesting reasonably accurate fuel 
economy results. While the deviation is somewhat significant, it is likely that 
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further development and optimization of the control strategies and CAV 
capabilities throughout the vehicle development process will be able to offset 
most negative deviations from the expected modeled results presented.  
7.4 VTS Performance Results 
VTS performance as simulated using the vehicle model and ECMS/A-ECMS 













Further analysis of the simulated performance of the selected architecture 
reveals provides deeper insight on the benefits and drawbacks of the overall 
design. The heavily electrified nature of the powertrain results in aggressive 
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acceleration characteristics. The team target accounts for a safety buffer which 
should address any model inaccuracies or assumptions as discussed earlier. 
Both simulated performance and team target values suggest the UWAFT-
designed Blazer will have a longer stopping distance than the competition 
target of 138.4 𝑓𝑡. This is a known trade-off that results from the choice to utilize 
low rolling resistance tires, thus improving fuel economy. The stock ground 
clearance has been maintained to ensure overall quality in ride comfort. 
Furthermore, the aerodynamic benefits typically seen with the reduction of ride 
height did not have any significant impact on fuel economy. 
As stated, this vehicle architecture was selected specifically for its 
potential fuel economy benefits. Although the simulated fuel economy 
performance currently falls short of the competition target, the designed 
vehicle performs well above that of market competitors. In addition, UWAFT is 
confident that a potential exists for further fuel economy optimization via the 


















The selected was chosen as the preferred architecture as it exemplifies the 
optimum balance between vehicle performance, integration risk minimization, 
and cost-of-ownership making it the best choice overall. In this cost-risk-benefit 
analysis, a custom weighting function was designed to capture the team’s 
strategy to keep risk at an acceptable level and simultaneously maximize the 
reward. This method allowed UWAFT to make data-driven decisions 
throughout the design process – iterating to test new ideas. The custom ESS 
solution, currently under development, serves as the centerpiece and the origin 
in which the remainder of the vehicle’s design is based. As shown throughout 
this thesis, component selection, sizing, architecture layout, and control 
strategy decisions have all been made to realize the maximization of fuel 
economy via heavy powertrain electrification and utilization.  
To summarize, the key reasons influencing, and consequences of the 





• Vehicle model is simple due to the simplicity of the vehicle architecture allowing 
for rapid development and verification of CAV controls.  
• The simplicity of the vehicle model allows for a lightweight model to be developed 
for advanced CAV controls such as optimal control for ACC, LKA, lane centering, 
AEB and trajectory tracking in real-time. 
• The limited number of mechanical powertrain components and disconnects as 
well as HV components narrow down the number of modes and transitions 
required for optimization of the control system, limiting risk and simplifying 
controls development.  
• Modularity in the vehicle architecture allows the vehicle to drive in either engine 
only mode, EV only mode, or combined which reduces risk of not being able to 
test controls code since there is redundancy in the traction system.  
• Electrical integration risk is minimized by limiting the number of high voltage 
electrical components required to an absolute minimum; no DC/DC, no P0 motor, 
no high voltage junction box.  
• HV components are isolated to the rear of the vehicle which simplifies electrical 
routing.  
•  OEM alternator and starter still present to allow for an engine-only mode in case 
a problem arises in the high voltage system.  
• Integration risk of the ICE powertrain is substantially reduced by minimizing the 
number of custom parts involved.  
• Integration risk of the EV powertrain is largely isolated to the rear cradle. While 
substantial modification of the cradle is required, the mechanical challenge is 
largely limited to only the cradle as integration of other components were 
designed with simplicity and reliability in mind to balance the risk and integration 
effort.  
• EV thermal routing is isolated to the rear axle while the ICE thermal routing is 
isolated to the front axle, further simplifying the design.  
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The intent of this thesis is to provide the reader with the requisite theoretical 
knowledge and practical understanding on the process of designing a HEV 
optimized for fuel economy. This process starts in earnest with proper analysis 
of the intended application, typical use cases, and target market. This 
information can then be used to define design requirements, objectives, and 
constraints ultimately leading to the formation of a vehicle design strategy. The 
key pillars of the vehicle design strategy followed are as follows; 
MODULARITY - The vehicles independent axle architecture allows for 
independent development of Internal combustion and EV powertrains 
ensuring vehicle downtime is kept to a minimum. 
SIMPLICITY – A conscious effort was made to pursue architectures of 
reduced complexity. The relatively simplistic nature of the final design 
aims to the number of failure points leading to lowered overall 
maintenance costs. 
TEST DRIVEN DEVELOPMENT – Every system in the vehicle has been 
designed satisfy a set of associated key requirements, undergoing 
iterations until it sizable to do so. 
Comparative analysis of other vehicles competitive market segment in 
order to asses if the primary deign objective, the maximization of fuel economy, 
has been achieved successfully. The results of this summary are summarized in 
the Appendix. As shown, the designed vehicle has the best fuel economy of all 
market competitors evaluated, however additional opportunity exists for fuel 
economy improvements via the implementation of CAV technology. Table 8-2 
highlights CAV technology that will be implemented in the development 




Although the primary design initiative has been completed, the vehicle in still 
very much in the early stages of development. The following sections include 
recommendations for future work to be completed in order to ensure 
continued success and innovation throughout the project. 
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Detailed performance characteristics of the battery pack remains as one of the 
largest unknowns pertaining to the vehicle’s design, and thus the area in which 
the largest improvements and overall efficiency can be made. UWAFT’s current 
vehicle model includes a 0
th
 order battery model. Up grading this model from 
DC resistance to a 1
st
 Order RC pair Model provides improved transient voltage 
response to changing current. Improved transient voltage prediction is 
important to dynamic HEV loads profiles and have been proven to smooth 
engine loading and regen braking performance [48]. 
 
In this 1-RC model, Open Circuit Voltage (OCV) can be calculated via a 
SOC based look up table. UWAFT is currently conducting OCV/SOC cell 
testing, the result of which will be used to populate the lookup table. 
Preliminary results of the testing can be found in the Appendix. Hybrid Pulse 
Power Characterization (HPPC) test method as defined in IEC-62660 [49] [50], 
should also be performed in order to define 𝑅𝑜 , 𝑅1, and 𝐶𝑏𝑎𝑡𝑡 values at various 
temperatures and SOC levels. The results of one HPPC test cycle completed at 




As noted in A.C. Mersky et al. drive cycles currently used to evaluate fuel 
economy and overall energy consumption do not accurately reflect the typical 
use case and utilization for autonomous vehicles deployed in a MaaS 
application. Thus, an argument can be made that published fuel economy and 
energy consumption numbers for these vehicles are misleading. The author 
recommends that research team investigates the creation of a new drive cycle 
based on real-world driving and utilization data captured from MaaS fleet 
vehicles. Upon its creation, the “MaaS drive cycle” should be used to 
characterize and quantify energy consumption of various MaaS vehicles and 
provide a comparison of the equivalent energy consumption metrics provided 
via traditional drive cycles. Suggested vehicle candidates for data capture and 
analysis include: Lime electric scooters, Ridesharing vehicles, and Carsharing 
vehicles.   
 
This thesis has presented the process taken in designing a Hybrid Electric 
Vehicle with considerations made specifically for its intended use case, future 
work could confirm the validity of the process and determine the overall 
success in achieving the initial objectives. This future work would take a fully 
conceptualized vehicle architecture and employ Model Predictive Control, 
Machine learning, and Artificial Intelligence techniques to deduce the 





Arguably the most important future work simply involves furthering the 
connection between Connected and Automated Vehicle technology with 
energy consumption. Recommendations for potential areas of research are 
listed below. These studies will ensure that UWAFT continues to remain at the 
forefront of innovation in the fields of Machine Intelligence, Artificial 
intelligence, Vehicle Autonomy. 
 
Recommended areas of research: 
1. Dynamic Route Planning based on energy consumption minimization 
2. Driver Behavior Recognition. (Continuation of the work originally 
presented in [51]). 
3. Future utilization prediction used to determine when appropriate times 
for charging. 
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